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that the cranial cavity is subjected to the outside environment. The lack of protection from the bone, dura mater, and blood-brain barrier and other factors increases the risk of intracranial infections. Therefore, following tumor removal, a series of measures should be implemented to repair surgical defects so as to avoid postoperative CSF leaks, intracranial infections, and pneumocephalus. The postoperative intracranial infection rate has not been clearly established; nevertheless, according to previous studies, the CSF rhinorrhea and intracranial infection rates range from 0.7% to 10%. 4, 9, 14, 22, 23 Several studies have suggested that intracranial infection is closely associated with CSF rhinorrhea. 4, 22, 23 However, no previous study definitively described the relevance between postoperative intracranial pneumocephalus and intracranial infections. This study aims to identify the relevance between pneumocephalus and postoperative meningitis and provide data to support this relevance. Although pneumocephalus after endoscopic endonasal transsphenoidal surgery is not uncommon, we hope that the data set in this study will cause neurosurgeons to pay more attention to this risk factor because it plays an important role in predicting intracranial infection such as postoperative CSF leak. In addition, meticulous performance and improvement of the details of the surgical procedure may decrease the occurrence of these complications. Essential operative procedures should be carefully considered to reduce the incidence of postoperative intracranial infection in patients undergoing nasal endoscopic surgery and to decrease patients' suffering.
Methods

Data Source
This retrospective study was reviewed and approved by the Institutional Review Board of Tangdu Hospital, Air Force Medical University. This retrospective study evaluated 251 consecutive pituitary adenoma patients who underwent a pure endoscopic endonasal transsphenoidal surgery performed by Dr. Jia between March 2014 and June 2018.
Detailed information was recorded for each patient, including age, sex, body mass index (BMI), clinical manifestations of the disease, comorbidities (including hypertension and diabetes), smoking and drinking habits, previous surgical procedures (endonasal procedures or craniotomies), presence of a concurrent infection that required antibiotics, duration of surgery (< 4 hours or ≥ 4 hours), 3 lumbar drain placement immediately after surgery, the presence of an intraoperative CSF leak according to the Kelly grading system 6 (Table 1) , intraoperative blood loss, presence of a postoperative CSF leak, postoperative duration of diabetes insipidus, and postoperative pneumocephalus. In addition, all patients underwent postoperative CT and MRI examinations to assess surgical outcomes.
Intraoperative Steps
Two neurosurgeons (D.J. and assistant L.H.) performed all operations. The preoperative preparation included sterilization of the meatus using pledgets saturated with iodophor and contraction of the nasal mucosa using pledgets saturated with a mixed solution that contained 20 mg/ml of lidocaine HCl and 0.0125 mg/ml epinephrine HCl. These pledgets were placed on the medial side of the turbinates through both nostrils to achieve mucosal decongestion and to decrease mucosal bleeding during the nasal phase of the surgery. 2 A nasal septal flap (NSF) was recommended for all patients with large diaphragmatic defects. 5, 10 Following the preoperative preparation, the middle turbinate was lateralized to obtain a wider operating space, although it was not routinely resected. 9 Then the NSF was harvested as a mucoperichondrial flap through the sphenoid sinus openings based on the posterior nasoseptal artery. The anterior sella was opened using a high-speed drill and enlarged using rongeurs. After the sphenoid sinus mucosa was removed, the optic nerve and carotid canal buttresses were visualized as landmarks. The floor of the sella was identified and opened, after which the dura mater was cut, and the tumors were resected using ring curettes and suction.
At the end of the procedure, the sella region was reconstructed carefully. When the Kelly grading score was < 2 points, the defect was covered with a collagen sponge and synthetic dura (Duraform, Codman & Shurtleff, Inc.), and the sphenoid sinus was filled with Gelfoam (Surgiflo, Ferrosan Medical Devices). When the Kelly grading score was ≥ 2, the defect in the sella area was covered with one or two layers of thigh fat and muscle fascia using surgical glue. 19, 21 The NSF was subsequently laid over the sellar base, and the wound was covered with Gelfoam. Finally, a Foley balloon catheter (10-12 Fr) was placed across the nasopharynx posterior to the nasal septum and filled with appropriate saline. 20 An expansive sponge (Spiggle & Theis Medizintechnik GmbH) was also typically placed underneath the balloon. Ceftriaxone or cefminox was used for perioperative prophylaxis. Antibiotics were given 30 minutes before skin or mucosal incision and commonly used until 24 hours after operation. The expansive sponges and balloon were removed after 5-7 days.
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Outcome Assessment
Both the location and size of the pneumocephalus were recorded for all patients. Postoperative CT and MRI scans obtained within 1-10 days were examined, and pneumocephalus was graded based on the location and size. A postoperative pneumocephalus shown 7-10 days on delayed scans was considered to be persistent pneumocephalus. Additionally, in this retrospective study, data on persistent pneumocephalus are used and collected as our key data to predict the risk of postoperative infection. The three different anatomical patterns ( Fig. 1 ) were classified as frontal, intraventricular, and sellar region. The degree of pneumocephalus was characterized based on the following scale: 0 (none) and 1 (bubbles ≥ 1 cm in maximum diameter). The size of the pneumocephalus was established based on the largest diameter of bubbles. 1 Drs. Haihong Zhang and Lei Ma were responsible for identifying the pneumocephalus if it was present. Postoperative meningitis was assessed for at least one month (no matter the end of admission).
In patients who were suspected to have an intracranial infection, CSF samples were collected via lumbar puncture and cultured. Data were collected from the CSF analysis and laboratory examinations, including a complete blood cell count, and all microorganisms were identified from blood samples and CSF cultures. Ceftriaxone or cefminox was used for conventional perioperative prophylaxis. 3 The treatment of patients in whom intracranial infections developed following the operation depended on the drug sensitivity observed in the CSF cultures. Postoperative CSF rhinorrhea was confirmed by the presence of β2-transferrin and/or glucose in the nasal fluid. 14 The Centers for Disease Control and Prevention criteria were used to diagnose intracranial infection 7, 18 (Table  2) . Detailed information was recorded for patients with intracranial infections, including the clinical presentation, culture and chemical analysis of the CSF, treatment and outcome. The surgical records were assessed for intraoperative CSF leakage, duration of surgery (< 4 hours or ≥ 4 hours), and intraoperative blood loss.
Lumbar drainage and lumbar puncture are not routinely used after surgery. However, when a lumbar drain was placed, it remained for no more than 3 days, at a maximum rate of 5 ml/hour in patients with a high-flow postoperative CSF leak, while patients with low-flow CSF leaks are recommended to undergo a lumbar puncture to keep the wound dry; to sit in a bench-like position; or to raise their head to a height of 15°-30° in a semirecumbent position for 3 days after surgery to avoid placement of a lumbar drain.
Statistical Analysis
The data are expressed as the mean ± SD for the continuous variables and as numbers and percentages for the categorical variables. The chi-square test and Fisher's exact test were used for comparisons, when appropriate. A multivariate logistic regression model was used to select factors significantly associated with intracranial infections. All variables were used to compare the two groups of patients: patients with and patients without postoperative intracranial infections. Analyses were performed using SPSS software version 19 (IBM Corp.), and p values of 0.05 or less were considered statistically significant.
Results
Patient Demographics
Of 251 patients studied, 18 (7.17%) had postoperative pneumocephalus, 9 (3.59%) had CNS infections, and 12 (4.78%) had CSF leaks. In pneumocephalus patients, 5 (27.8%) had CNS infections. In 9 patients with CNS infectious, the culture results were positive in 7 cases (Table 3 ; cases 1-7) and negative in 2 cases (Table 3 ; cases 8 and 9). A total of 116 women (46.2%) and 135 men (53.8%) underwent surgery. The average age (± SD) of patients who underwent surgery was 47.65 ± 12.36 years. Six patients (2.39%) had a history of endonasal surgery or craniotomy. The duration of surgery was ≥ 4 hours for 39 procedures (16.1%). Overall, 12 patients (4.78%) had a postoperative CSF leak, 3 patients required treatment with a lumbar drain, and 2 required endoscopic repair. Based on the degree of the intraoperative CSF leak classification (Kelly grade classification), 41 (16.33%) of the 251 procedures were found to have a recognized intraoperative CSF leak, including 17 grade 1 (6.77%), 14 grade 2 (5.58%), and 10 grade 3 (3.98%) leaks. In addition, in 9 postinfectious cases, 5 patients (27.8%) were identified as having postpneumocephalus air (p < 0.01) and 6 patients (66.67%) as having postoperative CSF leaks (p < 0.001).
Pneumocephalus
Of the 251 procedures examined, postoperative persistent or delayed pneumocephalus was found in 18 patients (7.17%), including 13 with frontal pneumocephalus, 3 with intraventricular pneumocephalus, and 2 with sellar pneumocephalus (Fig. 1) . Of 9 patients with an infection, 5 (55.6%) developed postoperative pneumocephalus (p < 0.01).
Incidence of Infection and Risk Factors for Infection
In this study, 9 of 251 patients were found to have intracranial infections, which puts the infection rate at 3.59%. Seven patients had positive culture results (Table 3 ; cases 1-7) and 2 patients had negative results (Table 3 ; cases 8-9). The mean age of the patients who developed an intracranial infection after surgery was 47.65 ± 12.36 years. Detailed information concerning the patients with infections is presented in Table 3 . Among the patients with intracranial infections, methicillin-resistant Staphylococcus aureus was cultured from the CSF obtained from 2 patients. Klebsiella pneumoniae, Acinetobacter baumannii, Enterobacter cloacae, and gram-positive Staphylococcus epidermidis and Streptococcus pneumoniae were each identified in a single patient.
According to the univariate analysis (Table 4) , pneumocephalus (a maximum bubble diameter of ≥ 1 cm), postoperative diabetes insipidus, diaphragmatic defects (intraoperative CSF leak, Kelly grade ≥ 1), and postoperative CSF leakage are risk factors for postoperative intracranial infections. Male sex, age over 60 years, abnormal BMI, history of surgery (craniotomy or endonasal surgery), and diagnosis of hypertension or diabetes are not risk factors. Additionally, the multivariate logistic regression model (Table 5) suggested that pneumocephalus (a maximum bubble diameter of ≥ 1 cm), diaphragmatic defects (intraoperative CSF leak, Kelly grade ≥ 1), and postoperative CSF leak are risk factors for postoperative intracranial infections.
Tumor Pathology
The pathology included nonfunctional pituitary adenoma (n = 210), growth hormone-secreting pituitary adenoma (n = 37), and prolactin-secreting pituitary adenoma (n = 4).
Discussion
Improvements in the endoscopic endonasal transsphenoidal approach have allowed this technique to achieve a higher rate of total resection, provide faster recovery, and avoid disturbances and destruction of the surrounding brain structures and important nerve vascular tissue. A previous study has indicated that endoscopic methods allow for a greater rate of total resection and improved postoperative visual outcomes compared with a craniotomy.
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In this retrospective study, 18 cases (7.17%) of postoperative pneumocephalus, 9 cases of CNS infection (3.59%), and 12 cases of CSF leaks (4.78%) were identified. Overall, the incidence of intracranial infection after traditional transsphenoidal surgery ranges from 0.7% to 10%, 4, 9, 14, 22, 23 which is comparable to the 3.59% incidence identified in this study.
Risk Factors for Intracranial Infection
As our multivariate logistic regression analysis suggested, diaphragmatic defects (intraoperative CSF leak, Kelly grade ≥ 1), pneumocephalus (maximum bubble diameter of ≥ 1 cm), and a postoperative CSF leak are risk factors for a postoperative intracranial infection. The results of this retrospective study have proven the relevance between pneumocephalus and postoperative intracranial infections. Although pneumocephalus after endoscopic endonasal transsphenoidal surgery is not uncommon, the data set in this study will cause neurosurgeons to pay more attention to this risk factor because it plays as important a role in predicting intracranial infection as postoperative CSF leak. In patients with pneumocephalus (maximum bubble diameter of ≥ 1 cm), large diaphragmatic defects, and intraoperative CSF leaks, the brain tissue easily communicates with the external environment to increase the risk of intracranial infection. As pneumocephalus (maximum bubble diameter of ≥ 1 cm) is a risk factor, surgical procedures should be performed carefully to protect the nature of the barrier, to avoid intraoperative CSF leaks, and to reduce the incidence of postoperative intracranial infections.
The presence of postoperative pneumocephalus indicates there are clear links between the cranial cavity and the external environment, a link that is shared with postoperative CSF leaks. The difference between postoperative pneumocephalus and a postoperative CSF leak is that the pneumocephalus originates from a contaminated external source and goes into the sterile cranial cavity, whereas the CSF leak occurs from the ventricles of the brain to the external environment. Thus, in pneumocephalus patient bacteria may more easily enter the cranial cavity from the external environment through a potential gap and cause a postoperative infection. Compared with a frontal pneumocephalus, an intraventricular pneumocephalus indicates an infiltration of gas deep into the brain, which results in a postoperative intracranial infection. The observation that pneumocephalus (maximum bubble diameter of ≥ 1 cm) is a risk factor highlights this point. It is worth mentioning that the size of the pneumocephalus was established based on the largest diameter because of the irregular shape of the postoperative pneumocephalus, indicating that the volume of the intracranial pneumocephalus cannot be measured accurately. At this point, sealing the saddle area is particularly important and may decrease the risk of a patient developing a postoperative intracranial infection. The use of medical glue may increase the sealing performance. However, further studies are required to determine whether this glue will reduce the risk of postoperative intracranial infections and CSF leakage.
We analyzed the infection rate and its associated pre-, intra-, and postoperative risk factors. The results confirm that intraoperative saddle reconstruction plays a crucial role for patients with postoperative intracranial infections. Operative procedures should be carefully performed to avoid large diaphragmatic or dural defects and to reduce the possibility of the cranial cavity becoming exposed to the external environment, which suggests that postoperative pneumocephalus deserves further study. Additionally, postoperative pneumocephalus might be a risk factor that neurosurgeons easily ignore in clinical practice. The diaphragmatic defect is an important factor that predicts the presence of postoperative intracranial infections, particularly in patients with pituitary adenomas. However, other tumors, such as craniopharyngiomas, chordomas, or meningiomas, may not be completely comparable to pituitary adenomas because they are more invasive and have a firmer texture, which might have breached the diaphragm. In other words, the diaphragm might have been previously infiltrated by these tumors prior to the operation, thereby increasing the likelihood of communication between the external environment and the cranial cavity and leading to postoperative intracranial infections. Finally, the NSF was used in each patient with large dural or diaphragmatic defects. Several recent studies have reported an association between olfactory problems and the use of this flap. In our experience, the upper edge of the nasal septal mucosal flap should not be placed too close to the superior turbinate. The use of monopolar electrocoagulation around the olfactory mucosa of the superior turbinate may damage the olfactory fila, resulting in olfactory dysfunction. The use of a cold knife to perform the superior incision may reduce tissue damage and provide better olfactory outcomes.
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Several Techniques to Prevent Infection
Several techniques may be used after the tumor is resected to decrease the risk of postoperative pneumocephalus and infection. First, a sufficient amount of saline should be given to slowly wash the saddle area and expel the intracranial gas. Second, during saddle reconstruction, the cranial defect may be covered with a collagen sponge and synthetic dura, and the sphenoid sinus filled with Gelfoam; using an autologous fat graft in place of an artificial dural substitute could help in preventing any persistent communication between the extracranial and intracranial cavity after surgery, especially in patients with a CSF leak. Then, patients can maintain themselves in the bench-like position for 3 days after surgery or raise their heads to a height of 15°-30° in a semirecumbent position. Moreover, sneezing and sniffling should be avoided after surgery because they can easily increase intracranial pressure and thereby cause persistent communication between the extracranial and intracranial cavity. In addition, overdrainage should be avoided in patients who have a lumbar drain, because it could cause intracranial negative pressure and result in persistent pneumocephalus. Last, oxygen is recommended via mask and nasal catheter, and it is better for the nasal catheter to be placed in the patient's mouth. The ventilator and endotracheal tube are routinely removed after the patient wakes up.
Study Limitations
The limitations of the present study include the bias associated with a retrospective analysis. The sample size of this retrospective study was relatively small. In addition, because of the irregular shape of the postoperative pneumocephalus, the size of the pneumocephalus was established based on the largest diameter. Therefore, the volume of the intracranial pneumocephalus could not be accurately measured. Unfortunately, the lumbar drainage data were missing in some patients, especially in patients without a postoperative CSF leak and pneumocephalus.
Conclusions
Using an endoscopic endonasal transsphenoidal approach, intraoperative saddle reconstruction has a crucial role for patients with postoperative intracranial infections. In addition, neurosurgeons should pay close attention when finding postoperative intracranial pneumocephalus so that they can manage the situation. Pneumocephalus (maximum bubble diameter of ≥ 1 cm), diaphragmatic defects (an intraoperative CSF leak, Kelly grade ≥ 1), and postoperative CSF leaks are risk factors for a postoperative intracranial infection. It is essential that operative procedures be carefully performed to avoid diaphragmatic defects, to reduce exposure to the external environment, and to decrease patients' suffering.
